Reynolds-averaged Navier-Stokes (RANS), unsteady RANS (URANS), and large eddy simulation (LES) numerical approaches are clear candidates for the understanding of turbine blade flows. For such blades, the flow unsteady nature appears critical in certain situations and URANS or LES should provide more physical understanding as illustrated here for a laboratory high outlet subsonic Mach blade specifically designed to ease numerical validation. Although RANS offers good estimates of the mean isentropic Mach number and boundary layer thickness, LES and URANS are the only approaches that reproduce the trailing edge flow. URANS predicts the mean trailing edge wake but only LES offers a detailed view of the flow. Indeed, LESs identify flow phenomena in agreement with the experiment, with sound waves emitted from the trailing edge separation point that propagate upstream and interact with the lower blade suction side.
Introduction
Recent advances in computing power allow new strategies to be considered for the understanding of turbine blade flows. Among the potential numerical methods, three approaches are of clear interest to industry. The RANS model is the most common and theoretically mature method. Indeed, RANS benefits from an extensive industrial use and numerous turbulent flow models specifically derived for wall bounded flows [1, 2] . Note that RANS as introduced initially by Reynolds [3] (i.e., based on a statistical mean solution of the turbulent Navier-Stokes equations) is theoretically restrained to stationary flows. The URANS approach offers a revised model of RANS to address potentially nonstationary and unsteady flows [4] . LES is an alternative to URANS. In this approach, the notion of scale separation is introduced by explicitly or implicitly spatially filtering out the small, more universal, turbulent flow scales from the large unsteady flow motions [5, 6] . With all approaches, turbulent models are required. While RANS and URANS benefit from high order turbulent models and tuned wall models [7] , LES relies on the more classical mixing length turbulent model [6] . Wall models are scarce and specific developments are still being pursued [8] .
In the context of turbine blades, where the unsteady nature of the turbulent flow appears critical, URANS and LES are good candidates and should provide more physical understanding of the key physics. To illustrate the potential of these approaches, the laboratory turbine blade configuration of Sieverding et al. [9, 10] is first simulated by use of RANS, URANS, and LES. The fully structured numerical approach is first used for all computations with specifically refined wall regions. All three results are gauged against experimental findings [9, 10] not only in the mean sense but also for unsteady features. To further investigate the LES approach, comparisons and grid dependencies of the results are then presented for fully structured and unstructured simulations.
In the first part of this work, the target configuration is detailed along with the computational models, RANS, URANS, and LES. The computational domain and set of boundary conditions used for the structured mesh comparisons are detailed prior to a discussion on the flow features as obtained by the three modeling methods. All results presented in this first part of the work are gauged against experimental measurements. The second part concentrates on the LES approach. Implicit as well as explicit time integration schemes are investigated in the context of different grid resolutions and topologies: two fully structured meshes and three fully unstructured meshes. The aim of this last section is to discuss the differences in numerical strategies and the impact they may have on the LES flow dynamics which is further to be validated against flow temporal records.
Target Configuration
The test configuration comes from the work of Sieverding et al. [9, 10] , which is the outcome of the European Research Project BRITE/EURAM CT96-0143 on "Turbulence Modeling of Unsteady Flows in Axial Turbines." The design of the blade ( Fig. 1(a) ) is targeted to allow the diagnostic of the trailing edge vortex shedding on the steady and unsteady trailing blade pressure distribution of a laboratory turbine blade at high subsonic Mach number (M 2is ¼ 0.79) and high Reynolds number (Re 2 ¼ 2,800,000, based on the chord and outlet velocity). The configuration is adapted to preserve the 2D flow as much as possible. The vortex formation and shedding process are visualized using high speed schlieren camera and a holographic interferometric density measuring technique. A cascade of five blades composes the experimental setup. The central blade is equipped with a rotatable trailing edge cylinder instrumented side-by-side with a pressure tap and a fast response pressure sensor for detailed 1 measurements of the trailing edge pressure distribution. To complement the data, isentropic Mach distributions are provided along the suction and pressure side of the blade as well as boundary layer velocity profiles at two stations ( Fig. 1(b) ). Finally, pressure variations are recorded experimentally at several locations within the flow to allow for unsteady quantification of the phenomena involved.
Based on these detailed measurements, four unsteady flow features are identified as critical in determining the mean flow field of such a turbine blade. The leading flow structure, denoted by 1 in Fig. 1(b) , is the vortex shedding issued by the blade trailing edge boundary layer separation. Associated to this separation point is the generation of pressure wave (denoted by 2 in Fig. 1(b) ) traveling upstream. These waves then eventually interact with the lower blade suction side (3) to produce skin vortices (4), which then travel in the downstream direction along the blade wall. All details on the diagnostics and specificities of the experimental setup are not detailed here but can be found in Refs. [9] and [10] .
Modeling Strategies: RANS, URANS, and LES
Application of the direct numerical simulations to turbine blade flows is still unpractical because of the flow Reynolds number [6, 11] . Modeling is thus a prerequisite and different turbulence modeling formulations are available [5, 6, 11, 12] to mimic the cascade of turbulence over a wide range of applications with high Reynolds numbers. At the same time, supercomputers have reached peak performances and memory increases allow full three-dimensional simulations of real experimental and industrial configurations to be considered [13, 14] . These applications still remain limited to the RANS formulation where all of the turbulent effects on the mean flow are provided by the model (Fig. 2(a) ). Extension of the approach to treat unsteady flows, with periodic and nonturbulent flow structures, provides a new level of description as recently demonstrated by the use of URANS [4] . The alternative to RANS or URANS which are derived from a statistical ensemble of flow states may be modeled by turbulent scale separation as introduced by LES. With this formulation, only one flow state is considered and the behavior of the large turbulent structures which evolve in time and space are explicitly computed by the filtered Navier-Stokes equations ( Fig. 2(b) ). This separation of scales is explicitly or implicitly obtained by filtering out the small flow scales that cannot be properly represented on the mesh [5, 6] , their effect on the filtered field being modeled by the so-called subgrid-scale (SGS) model (Fig. 2(b) ).
Although all three approaches have advantages and trade-offs, the gain obtained by increasing the level of description of the flow represented by the unsteady compressible Navier-Stokes equations is not clear from an industrial point of view. Unsteadiness is known to be of importance in turbine flows [13] [14] [15] [16] . However, the computing cost issued by going from RANS to URANS and then LES still requires justification from a scientific standpoint. As a preliminary answer to such issues, the three levels of computational descriptions are provided for the Sieverding et al. [9, 10] blade row for which detailed diagnostics have been gathered on mean flow quantities as well as time series to characterize the large structure unsteadiness.
Numerical Parameterization. In order to proceed with the computation of the Sieverding configuration, a 3D computational domain corresponding to a single blade channel is chosen (Fig. 3) . The characteristic dimensions of the domain are provided in Fig. 3 along with the typical blade dimensions given in Table 1 . Note that top, bottom, and side boundaries of the computational domain are assumed periodic in agreement with the experimental findings. Inlet and outlet flow boundaries are positioned far enough from the profile to limit their impact on the predictions: i.e., respectively located 0.5 c ax upstream the leading edge and 1.5 c ax downstream the trailing edge. 2 Finally, a no-slip adiabatic wall condition is applied at the blade surface. Details on the quantities prescribed and the type of boundary condition used are summarized in Table 2 .
The initial set of numerical predictions are obtained by use of the same fully structured mesh presented in Fig. 4 and which is composed of 500,000 hexahedra distributed around the blade in five block-structured domains with coincident interfaces except at the periodic boundary conditions which are noncoincident and are treated through a no-match condition. The numerical scheme is Fig. 1 Blade design (a) as experimentally studied by Refs. [9] and [10] and (b) expected flow features and available measurement stations [9, 10] second order in space and relies on an implicit integration based on a finite-volume approach. Turbulent closure relies for RANS and URANS on the classical k-x model [17] with no specific treatment at the wall other than the limiting procedure proposed by Zheng et al. [18] . Indeed, with the grid generated here, typical mean y þ of the first flow cells of the wall are estimated at five guaranteeing reasonable quality boundary layer estimates provided that the turbulent model behaves adequately in these regions of the flow.
3 LES and URANS computations use a fixed time-step (Dt ¼ 1.56 Â 10 À7 s or an acoustic CFL (Courant, Friedrichs, and Lewy number) condition of 0.7). Time marching for the structured code relies on the dual time-stepping approach [19] while the unstructured code uses an explicit third order accurate scheme [20] . SGS closure is obtained for all cases by use of the Smagorinsky model [21] with constant at 0.09 as recommended for wall bounded applications [22] [23] [24] and without damping function.
RANS, URANS, and LES Validations.
A typical view of the flow quantities, here the norm of the density gradient, is illustrated in Fig. 5(a) ), the local flow acceleration issued by the suction side flow passage restriction is clearly visible and induces a region of density gradient in the upstream part of the suction side. After the blade throat, a density gradient appears indicating the potential presence of a weak shock. The higher density gradients appear on each side of the trailing edge and are linked with the wake region induced by the blade boundary layer separations at the end of the blade and the boundary layer itself. The time dependent description of the flow (URANS) provides new insights on the mean periodic solution ( Fig. 5(b) ). With this approach, the local flow acceleration in the upstream region seems reduced if compared to RANS. The weak shock at the throat is no longer present. At the trailing edge and instead of a mixed out wake, vortex shedding appears along with a network of interacting density fronts (pressure waves in fact). Two distinct sets of waves are identified in agreement with Sieverding et al. [9, 10] and denoted in Fig. 5 (d) by S i and P i , respectively. Both sets of waves originate from the boundary layer separation point on the suction and pressure sides of the blade trailing edge. In URANS, the suction side generated pressure waves, S i , propagate upstream and interact with the vortical structures present in the wake of the above blade. Their presence within the flow is clear although these S i waves seem to be rapidly dissipated by the flow and the numerical model. The pressure side waves, P i , also travel upstream but rapidly encounter the suction side wall of the neighboring blade located below. This interaction results in a reflected wave which eventually crosses the P iþ1 wave. Further increase in the numerical complexity and turbulent Without points inside the viscous sublayer (i.e., y þ < 1) and without appropriate functions, the k-x turbulence model cannot be guaranteed to predict the isentropic Mach number. modeling formulation (LES) provides an even finer view on the flow behavior (Fig. 5(c) ). With LES, all flow structures identified by URANS are present: the vortex shedding from the blade leading edge, both sets of pressure waves and their propagation. The P i waves are also interacting with the main flow stream and impact the lower blade suction side wall. The main difference between URANS and LES appears on these instantaneous views to be highly local. The trailing edge sheds vortical structures that are more persistent in LES than in URANS producing more interactions between the wake and S i waves.
Differences in numerical formulations naturally induce different instantaneous views of the same problem as illustrated and discussed in Fig. 5 . A more rigorous comparison of the two unsteady flow models that are URANS and LES requires a temporally averaged field comparison as provided in Fig. 6 . Based on these mean fields, unsteady flow approaches predict similar flows which differ from the stationary approach predictions provided by RANS ( Fig. 5(a) ). Differences between mean flow fields obtained by URANS and LES are located in the wake region and the zone where wave propagation occurs. With LES, the mean wake has a larger opening angle than the one obtained by URANS which itself is larger than RANS. These subtle differences can be explained by the differences in models and formulations. Indeed when URANS relies on a statistically stationary representation of turbulence on the top of well defined flow oscillation frequencies, LES aims at providing a model for the turbulent scales filtered out by the mesh. In the first case, the entire range of turbulent scales are modeled including the large flow scales although they might be of a different nature and highly anisotropic. In the second case, the large scales are inherently present and only the ideally more isotropic and scale independent SGS field is modeled. The net result of such different formulations is in the case of URANS, a turbulence model that is potentially more dissipative/diffusive than the one offered by LES, as clearly visualized on the instantaneous views of Fig. 5 .
An unambiguous validation of the mean flow predictions is obtained thanks to a direct comparison of the isentropic Mach distribution along the blade surface as predicted by the three numerical approaches and measured experimentally (Fig. 7) . Again, going from a purely stationary numerical model to an unsteady model clearly improves the flow predictions. Hence and in agreement with the discussion started above, the RANS prediction leads to a local misrepresentation of the flow field. In particular, a passage shock (M is > 1) appears with RANS when it is not present in the experiment. URANS and LES allow net improvements when compared to RANS, with relatively small and only localized distinctions between the two unsteady flow approaches and for this blade quantity. Differentiation between URANS and LES is better indicated by purely unsteady flow phenomena such as the wake shedding frequency that is provided in Table 3 and is expressed in terms of Strouhal 4 number as defined by experimentalists [9, 10] . Differences are also identified when looking at the trailing edge mean pressure field as shown in Fig. 8 . For this specific region, only LES seems to recover the pressure level Fig. 6 Temporal mean solution as obtained by use of (a) URANS and (b) LES. Note that both results can be directly compared to Fig. 5(a) . Fig. 7 Mean isentropic Mach distribution along the blade wall predicted numerically and measured in the experiment The spectral analysis relies on a time series of 3 ms obtained for a numerical and experimental probes located at x/c ax ¼ 0.933 and pictured in Fig. 16(g) . Note that this duration corresponds approximately to 20 cycles of the wake shedding. measured experimentally, URANS offering an important alternative to RANS. The different levels of unsteadiness provided by the two unsteady flow approaches are illustrated in Fig. 9 . In this figure, the axial velocity component of the velocity vector in the wake of the blade is given as a function of time. The point of interest is located at 0.5c ax away from the blade in the wake direction. From this diagnostic, not only does the fluctuating component differ between URANS and LES but also the frequency content of both time series indicates one sole frequency in URANS and several for LES. More details on this specific flow response are provided afterwards in the context of the mesh LES sensitivity analysis.
Preliminary conclusions on the numerical formulation to be used to reproduce the turbulent flow encountered in a turbine blade at high subsonic outlet number are as follows. First, it seems important to be able to take into account the unsteady nature of the physics involved. This observation implicitly disqualifies the RANS approach although use of second order modeling strategies [25] may be of use (which is not the type of closure proposed here). Second, use of URANS offers a net improvement over RANS and again higher order closures seem recommended to better capture turbulence interactions. Finally, LES, which is a fully unsteady numerical approach, captures most of the physics reported by the experimentalists. Further investigations need however to be conducted as LES predictions are by construction mesh dependent as well as very sensitive to numerics and wall modeling. Preliminary insights on these issues are presented in the following where two fully compressible flow solvers are gauged on the previous test case.
LES Sensitivity Analysis
LES relies on the notion of scale separation which is implicitly or explicitly introduced theoretically to derive the filtered fully compressible set of Navier-Stokes equations. In practice, the filter size is linked to the local cell volume of the mesh [6] which induces a numerical flow prediction dependency on that parameter. Numerical integration of the closed LES equations also influences the solution. Indeed, each scheme has specific dispersion/ dissipation properties which will impact the propagation speeds and attenuation rates of the physical flow information across the computational domain. All these issues are well identified in the framework of LES [6, 26] and can be partly reduced to the following problems:
• Numerics: temporal and spatial integration of the governing equations (implicit versus explicit schemes, upwind versus centered spatial discretization and orders of accuracy) • Grid topology: fully structured, unstructured or hybrid meshes • SGS modeling: filter size, wall resolution • Computer architecture: round-off errors, parallelization
Identifying individual contributions of all these potential sources of errors and their propagation or contribution in a LES prediction is a very difficult goal due to the natural resonator/ amplification behavior of the discrete system solved by the computer [27] . From a pragmatic point of view, part of the answer can be addressed by using two different codes on the same problem keeping as many parameters identical. For the problem considered here a block-structured cell-centered finite-volume LES code [28] is compared to a fully unstructured cell-vertex finite-volume LES code [29] . Both codes use no-slip wall conditions and the Smagorinsky SGS closure [21] with a constant set to 0.09 and no damping function. The characteristics of each code and models are detailed in Table 4 and this allows numerical strategies for turbine blade LES computations to be compared.
Flow Solver Sensitivity Analysis. With these two codes at hand, the impact of numerics, wall resolution and grid topology is specifically questioned and quantified in the context of the high subsonic Mach number turbine blade detailed above. For such an analysis, several grids are produced based on a given mesh topology taking advantage of each approach. Figure 10 presents the mesh refinement strategy adopted for each code. The list of mesh characteristics and typical mean y þ associated with the first wall cells are given in Table 5 .
The prime advantage of an implicit fully structured LES code resides in its ability to finely mesh the blade boundary layer without enforcing a very small time-step as needed by CFL stability criterion of explicit convection schemes. The disadvantage arises from the constraint of propagating the wall fine grid topology far into the computational domain. Explicit integration imposes stringent CFL conditions which are directly linked to the smallest cell size in the computational domain. The main consequence is that for the target application where the Reynolds number is very high, achieving a y þ at the limit of the viscous sublayer is not possible since it implies too small time-steps. However, local grid refinement or coarsening within the flow is eased when compared to the structured implicit approach. Grid points can hence be concentrated in regions of interest where important unsteady flow features are expected as seen in Fig. 10 .
Note that the first set of computations comparing RANS, URANS and LES predictions, were obtained with the blockstructured LES code and were conducted taking the full threedimensional computational domain with a spanwise dimension of 5.7% chord length to allow affordable and fast computations. Preliminary verification of the flow three-dimensionality confirmed that most of the information of interest is two-dimensional which is in agreement with the initial intent of the experimentalists [9, 10] . For the current study which concentrates on LES and when [20] Explicit O(Dt possible with the solver, 2D and 3D computational domains are considered without loss of generality, at least for most presented profiles. Further investigations are being pursued to fully assert the findings and extend the results to full 3D applications.
Unsteady, Mean Flow Results, and Validation. As discussed above, LES instantaneous solutions are inherently dependent on the local mesh resolution, although mean statistical independence of the first and second moments of the temporally averaged LES predictions can be expected. In the case of wall bounded flows, the grid dependency is even more important since part of the flow dynamics is issued by the boundary layer physics. Having access to an implicit code allows the wall region to be finely meshed without constraining the numerical time-step ( Fig. 10(a) ). The disadvantage is that wall cells are usually very stretched and this local mesh resolution extends far into regions of lesser interest. Going to the unstructured meshes offers greater flexibility. However, this code being explicit in time, the local cell size needs to be controlled to not yield too small a time-step for the simulation to be converged.
Effects of the wall mesh resolution, are illustrated in Fig. 11 for the structured code and Fig. 12 for the unstructured code. In such diagnostics, instantaneous views of the density gradient are provided for all the meshes. As a whole, all LES predictions recover the dynamics identified previously. The change of resolution and numerical scheme is essentially seen in the wake region where the vortical patterns differ slightly in their spatial organization. Such differences imply different wave patterns emitted from the trailing edge. As the mesh resolution is locally increased, such waves are more numerous and more localized as well as better defined irrespectively of the code used. Along the blade wall on the suction side, wall vortices are also present in all LES predictions. For the fully structured implicit approach, the near wall vortices are small and elongated when they appear larger and stronger with the unstructured explicit solver. For these structures, the local wall resolution seems to play a role at least when looking at instantaneous views of the predictions.
A better evaluation of the impact of the wall resolution on the LES predictions is obtained by comparing the mean isentropic Mach profile along the blade with experimental findings for the structured meshes ( Fig. 13(a) ) and the unstructured meshes ( Fig. 13(b) ). With the fully structured implicit code, the experimental profile is reasonably well recovered for all meshes although clear improvement could be obtained but with a nonnegligible increase of resolution and computer cost. For information, the computer effort needed for the current simulations 5 is provided in Table. 6. Such numbers and boundary layer profiles underline the difficulty encountered by LES at walls even for fully structured implicit solvers. Note also that the mesh resolution along the wall and in the main channel is also found to impact the suction side region located behind the high isentropic Mach value of %0.95. In this zone which corresponds to the impact of the P i waves, a plateau appears followed by a sudden drop of the isentropic Mach curve if the grid resolution is not adequate. The presence of the plateau was identified as coming from the SGS model and grid local resolution which result in a locally artificially thickened boundary layer. Such a model response is reduced by increasing the local mesh resolution or by changing the SGS model. Unstructured mesh predictions confirm the importance of the wall treatment and local mesh resolution. Indeed, predictions with T1 mesh (Table 5) do not fully predict the isentropic Mach profile on the suction side of the blade and only T2 or T3 meshes provide good quality profiles as reported in the experiment. Note however that with the unstructured code, the generated meshes allow a local refinement of P i waves' impact region as well as the channel resolution directly above this specific region. The main outcome is an improved flow prediction in this specific area (when compared to the coarse structured code predictions) even for a reduced number of grid nodes.
A more local comparison of the two LES numerical approaches are presented in Fig. 14 . In this analysis, the boundary layer profiles at two stations ( Fig. 1(b) ) are compared to experimental measurements. Use of a fine mesh in the wall region is here clear (Figs. 14(a) and 14(b) ) and having access to a fully implicit structured code offers enough flexibility to improve this flow region without implying intractable time-stepping. Use of an explicit unstructured code (Figs. 14(c) and 14(d)) implies a clear sacrifice in the flow description within the boundary layer. This issue is more critical on the suction side of the blade. In all cases, it is also clear from such diagnostics that the numerical profiles provide boundary layer profiles that point to lower effective wall Reynolds number flows than in the experiment. This issue of effective versus real flow Reynolds number is critical especially for real applications with much higher values and geometrical complexity. It is still not clear which numerical approach is better suited and this analysis only highlights the difficulties in performing LES of such flows. Alternatives for the LES wall treatment are possible and among other solutions the law-of-the-wall modeling, Detached Eddy Simulation (DES) [31, 32] or multiscale modeling approaches are good candidates. Such alternatives are however outside the scope of this work and would necessitate detailed validations and developments prior to their application to real applications.
Preliminary LES instantaneous snapshots point to the trailing edge flow region as being critical in the determination of the unsteady flow features. In particular, the waves generated in this zone seem to be of importance since they interact with the suction side of the neighboring blade and can interact with the neighboring wakes. Mean pressure profiles along the curvilinear coordinate of the trailing edge indicate the sensitivity of the trailing edge region to the mesh resolution and results are given in Fig. 15 .
Here again and in agreement with the previous findings, the wall resolution is of importance and only well refined meshes guarantee proper estimations of the experimental measurements. In this region, none of the LES predictions is satisfactory. However, if the wall region is appropriately modeled, all LESs will produce better quality pressure profiles than the other two numerical approaches. It is also worth mentioning that going from 2D to full 3D LES seems to be a prerequisite if that specific profile is to be well reproduced numerically. Indeed, although T3 wall resolution may not be adequate in part of the blade boundary layer, the conjunction of local mesh refinement and three-dimensionality at the trailing edge seems to be sufficient to provide interesting results in good agreement with the experiment. Of course such observations highlight again the difficulty of performing high quality LES modeling of such flows. Current investigations on the effect of the local resolution as well as the importance of the spanwise extend of the computational domain on the LES predictions are being pursued. Despite this shortcoming and the potential limitations of the LES predictions at given flow stations, a comparison is proposed for unsteady quantities. Indeed, unsteady experimental measurements of pressure fluctuations at specific blade stations and a direct comparison of LES and experiment is presented in Fig. 16 . For clarity and based on the previous analyses of the LES predictions, only H2 and T3 are gauged against the experiment. From Fig. 16 , it is clear that not only are the two codes able to quantify the pressure variations within the flow, but they are also able to recover the spatial evolution of these oscillations. The mechanism yielding to the wave generation and located at the trailing edge is properly reproduced with H2 and T3. This conclusion is valid only if the mean trailing edge pressure profile is properly approximated: i.e., RANS and URANS do not produce comparable predictions even if URANS clearly outperforms RANS. With both LES codes, the mean trailing edge pressure oscillation at stations 5 and 6, Figs. 16(e) and 16(f) are very well estimated. The frequency of the boundary layer detachment point on the suction and pressure sides is captured. The amplitude of the phenomenon could be improved especially on the suction side. However, this specific criterion needs to be investigated more to remove potential low frequency phenomena that are not adequately addressed for the time duration under consideration. Propagation of the P i waves upstream and downstream the blade passage yields to a natural attenuation of the transmitted information until it eventually hits the lower blade suction side wall as illustrated in Figs. 11 and 12 . In the downstream wave propagation region, station 4, the local pressure signal as provided by LES is composed of different features. The main frequency corresponds to the frequency of the wave issued by the above blade trailing edge. A second contribution may be identified and linked to potential trace of the wall vortices whose frequency depends on the simulation. Despite these complex dynamics, both codes seem able to at least recover the mean pressure signal variation and its peak amplitude in the entire downstream part of the blade passage. Going upstream along the blade suction side wall, in the vicinity of the wave impact point, the pressure signal registered in the experiment and in LES changes in shape. All downstream points recorded time series are near sinusoidal in shape. In the region of impact where the waves issued by the trailing edge travel upstream, the initially sinusoidal shape straightens out to produce a sawtooth signal at station 3 with highly pronounced pressure jumps. Here again both codes are able to at least recover the change in shape although there still exists room for improvement. Upstream of station 3, points 2 and 1 have strongly attenuated pressure oscillations up to point where no wave is measured experimentally or observed numerically: i.e., no more upstream propagation of the waves.
All of these advanced and unsteady confrontations between different LES codes and measurements confirm the overall potential of LES and clearly opens interesting perspectives.
Conclusion
Comparisons of the RANS, URANS, and LES numerical procedures for a well-documented turbine blade experiment of Sieverding et al. [9, 10] confirm the potential of the fully unsteady flow approach that is LES. Although RANS offers good estimates of the mean flow quantities (isentropic Mach number and boundary layer thickness at two stations on the blade), LES and URANS are the only approaches that can produce the proper trailing edge flow dynamics. However, only LES seems to offer a complete view of the complex flow. Indeed, LES identifies most flow phenomena in agreement with the experiment. For example, sound waves emitted from the trailing edge boundary layer separation point propagate upstream and interact with the lower blade suction side to generate small vortices propagating downstream.
To further investigate the LES approach, comparisons and grid dependencies of the results are then presented for fully structured implicit and unstructured explicit simulations. That sensitivity analysis, although not fully comprehensive in terms of the different sources of errors issued by LES, confirms a few important observations. In particular, the wall resolution and modeling needed to offer a good quality LES flow description of all the various phenomena (i.e., boundary layers, wake shedding and the pressure wave generation) is of importance irrespectively of the numerical approach and grid topology. This observation has important consequences in the context of LES of real applications. Further investigations are needed, however, to fully assess the use of LES for such flows. In particular, the need for adequate wall treatments remains to be evaluated if real industrial turbine flows are to be investigated by LES. Likewise, the computational cost and prediction sensitivity to the spanwise length of the computational domain are still to be investigated. Despite these findings and with the computational constraints devised in this work, the unsteady nature of LES predictions is very encouraging and experimental unsteady features are well captured by both codes. It clearly opens new perspectives for LES to contribute in the understanding of such turbine blade flows. 
